Abstract: Stokes polarimeters and scanning slit optical beam profilers are used to measure the polarization properties and optical spot intensities of a laser beam, which go through the micromodulator by the Z -scanning method. The polarization properties of a S-polarized and a P-polarized light are researched. The optical intensities of laser beam are obtained for S-polarized light by the Z -scanning method. The results show that the groove films can affect the polarization properties of the P-polarized light but do not change the polarization properties of the S-polarized light. The optical spot intensity of S-polarized light can be changed with the help of groove films as the scattering effect.
Introduction
A certain class of laser beam, i.e., Gaussian Schell model polarized light, has been studied to some extent, including changes in temporal and spectral degree of polarization (DOP), when light propagates through medium [1] - [3] . Coleman et al. reported polarization modulated smectic liquid crystals phases [4] , Kats et al. reported a periodically modulated metal film can significantly change the polarization properties [5] . The polarization properties of electromagnetic beams are commonly described by rigonometric method, Jones vector method, Stokes vector method, and Poincare sphere method [6] , [7] . Stokes parameters have played an important role in description and measurement of optical polarization, especially in researching polarized and non-depolarizing optical devices. The Z -scanning method is widely used to research nonlinear parameters of various materials as its simplicity, sensitivity, and accuracy. Among the Z -scan methods the linearly polarized lights are always used as incidence beams, there is no theoretical and experimental work to study the polarization dependence effect and the optical spot intensity. The electromagnetic field distribution in the focal region is attracting increasing attention as its possible applications in many fields, e.g., nonlinear optics, manipulation, optical devices, and optical trapping systems.
For the polarization properties based on Z -scanning measurements, Desalvo et al. measured the transmittance of crystal [8] , Wagner et al. studied the polarization dependent nonlinear refraction in GaAs/AlAs superlattice waveguides [9] , Aunon et al. researched the partially polarized wave for optical trapping [10] . The linearly polarized light can be transformed into circularly polarized light, and this property can be used in the design of many optical devices. Garnet film can be used in data storage [11] , optical isolator [12] , polarization micro-modulator [13] , and optical magnetic field (current) sensors [14] - [18] . The polarization properties of laser beam can be affected by the constant of time and position of samples. However, there is no report on researching the polarization properties and optical spot intensity under the condition of S-or P-polarized lights. In this paper, we report the dependence of the polarization properties and optical spot intensity of polarized light, which go through garnet and Ta/Nd 2 Fe 14 B/Ta groove films by the Z -scanning method. The Ta/Nd 2 Fe 14 B/Ta groove films have been grown on garnet substrate by magnetron sputtering method. Further, normalized transmittance of polarized light are also researched by the Z -scanning method.
Experimental Details

Preparation of the Micro-Modulator
The micro-modulator is garnet with groove films. Garnet film (Granopt Co., Ltd) with a thickness of 0.39 mm and 3 mm Â 3 mm square is used as substrate. Ta(50 nm)/Nd 2 Fe 14 B(xnm)/ Ta (50 nm) (x ¼ 100, 500, 1000, 5000, SP0.1, SP0.5, SP1, SP5) groove films are prepared on garnet film by magnetron sputtering method. The width of groove films is 200 m, and the width between groove films is also 200 m. Garnet and SP0.1, SP0.5, SP1, and SP5 are used as samples.
Z -Scanning Experiments
The polarization properties and optical spot intensity are measured by polarimeters PAX5710 IR3 and Scanning Slit Optical Beam Profilers BP209 IR/M. A single mode linearly polarized 1550 nm optical fiber laser is used as optical source. The TC12FC-1550 collimators is fixed with optical fiber laser. The laser source goes through the L 1 , S, L 2 and arrives at the PBS; the laser beam is divided into two parts; one S-polarized light and another P-polarized light, with the help of PBS. The P-polarized light goes through the PBS and arrives at the polarimeters PAX5710IR3, then the Stokes parameters of P-polarized light can be got from the PAX 5710IR3, the S-polarized light reflects from the PBS and arrives at the scanning slit optical beam profilers BP209IR/M shown in Fig. 1(a) . While the laser beam goes through the PBS and arrives at the scanning slit optical beam profilers BP209 IR/M, reflects from the PBS and arrives at the PAX5710IR3 shown in Fig. 1(b) . The Stokes parameters of S-polarized light can be got from polarimeters PAX5710IR3, and the optical spot intensity of P-polarized light can be got from the scanning slit optical beam profilers BP209IR/M, shown in Fig. 2(b) . The samples' position of garnet and garnet with groove films can be changed in the z direction from −30 mm to +30 mm.
As the garnet with groove films can be used as polarization micro-modulator [13] , it is necessary to determine the initial state of the micro-modulator. The initial step of experiments is to put the sample in the zero position in the z ¼ 0 direction and then achieve the position of the maximum DOP in all the polarization states by rotating the sample. After determining the initial state, it is convenient to move the sample from −30 mm to +30 mm along the z direction. The Stokes parameters S t 1 ðr ; t Þ, S t 2 ðr ; tÞ, S t 3 ðr ; t Þ, and DOP are measured using Thorlabs PAX5710IR3 polarimeter and the optical unit of Thorlabs PAX5710IR3 measurement sensor consists of a rotating quarter waveplate, a fixed polarizer and a photodetector. The waveplate transforms the input polarization. The DOP resolution of PAX 5710IR3 is 0.0001. The power range of BP209IR/M is 10 nW to 10 W. The accuracy of the z-scanning setup used in the experiments is 0.01 mm.
Theory
The Stokes parameters can characterize all polarization states of a laser beam. The nonstationary parameters are introduced to obtain the polarization state of a field [16] 
The subscripts ; refer to a coordinate system rotated 45°with respect to the x, y coordinate system, the subscripts r, l refer to a coordinate system with right circularly polarized and left circularly polarized states as the basis vectors. The Stokes parameter S t 0 ðr ; t Þ is the total light intensity, Fig. 2 . Polarization properties of the P-polarized and the S-polarized light when the SP1 changes from −30mm to +30m in the z direction. S t 1 ðr ; t Þ is the intensity difference between horizontally and vertically polarized components; S t 2 ðr ; t Þ is the intensity difference between +45°and −45°polarized components; and S t 3 ðr ; t Þ is the intensity difference between right-and left-circularly polarized components.
For purely monochromatic coherent radiation, the Stokes parameters can show that
The degree of optical polarization (DOP) as the ratio of the intensity of the polarized component of the beam to the total intensity can be obtained by the following equation: The DOP of a laser beam can be different at different instants of time and different point in space. The Stokes parameters Sti(r, t), i ¼ 1, 2, and 3 may be normalized by the total intensity St0(r, t) to yield the normalized Stokes parameters
The DOP can be represented geometrically by
The DOP of laser beam can be determined by the position in space when the instant of time is a constant value. The degree of optical linearly polarization (DOLP) and degree of optical circularly polarization (DOCP) of a garnet's Stokes vector can be defined by the following equations:
When a TEM 00 Gaussian beam of waist radius ! 0 traveling in the z direction, the E can be written as
where
Þ is the beam radius, RðzÞ ¼ zð1 þ z 2 0 =z 2 Þ is the radius of curvature of the wave front at z, z 0 ¼ $ 2 0 =2 is the diffraction length of the beam, and ¼ 2= is the wave vector. From (11), we can see that the optical intensity can be different when the laser beam change its radius in the Z-direction [19] . 
Results and Discussion
Polarization Properties of SP1
The polarization properties of the polarized light which goes through the SP1 are measured by PAX5710IR3 polarimeters based on experimental setup system of Fig. 1(a) are shown in Fig. 2 , when the SP1 moves from −30 mm to +30 mm along the z direction. The Stokes parameters S 1 of the P-polarized and the S-polarized light are about 1.0 and −1.0, respectively, shown in Fig. 2 . The Stokes parameters S 2 of the P-polarized light reduces from −0.01 to −0.1 and the Stokes parameters S 2 of the S-polarized light reduces from −0.09 to −0.11. The Stokes parameters S 3 of the P-polarized light first reduce from −0.01 to −0.02, then increases from −0.02 to +0.04, and reduce to +0.01, while the Stokes parameters S 3 of the S-polarized light basely do not change. As the S 1 is the intensity difference between horizontally and vertically polarized components; S 2 is the intensity difference between +45°and −45°polarized components; and S 3 is the intensity difference between right-and left-circular polarized components. S 0 the intensity difference between +45°and −45°polarized components and the intensity difference between right-and left-circular polarized components of the P-polarized light can be changed when the SP1 moves along the z direction. The DOP of P-polarized light first reduces from 98% to 89% then increases to 98%, while the DOP of S-polarized light basely do not change. The Stokes parameters of S 2 and S 3 of P-polarized light can be changed and this induce the change of DOP of the P-polarized light. However, the Stokes parameters of the S-polarized light basely do not change. Fig. 2 shows the polarization properties of the SP1, as the DOP of the S-polarized light which go through the SP1 cannot be changed, then the Stokes parameters of the S-polarized light which go through SP0.1, SP0.5, SP1, and SP5 are not present in this paper, and the polarization properties of the P-polarized light and the optical spot intensity of the P-polarized light of SP0.1, SP0.5, SP1, SP5 are researched based on experimental setup system of Fig. 1(a) . Fig. 3 illustrates the relationship between the polarimetric Z -scanning properties of the P-polarized light which go through the garnet and SP0.1, SP0.5, SP1, and SP5. The DOLP, and DOCP, DOP of the P-polarized light which go through samples can be got from (8)- (10) . The DOLP, DOCP and DOP of the P-polarized light which go through the garnet basely do not change, while the DOLP, DOCP and DOP of the P-polarized light which go through the SP0.1, SP0.5, SP1, and SP5 have the maximum value when the samples are in the middle position in the z direction. Therefore, the garnet with groove films can change the polarization properties of the P-polarized light. Fig. 3 shows the power of the P-polarized light go through garnet, SP0.1, SP0.5, SP1, SP5, measured by PAX 5710 parameters, the curves show downward parabola form, the maximum value appear when the samples are in the middle position in the z direction.
Polarization Properties of Micro-Modulator
Optical Spot Intensity of Laser Beam
As the optical spot intensity of the laser beam can show the interaction effect between a laser beam and the sample, the optical spot intensity are researched. The optical intensity of the laser beam can be get from scanning slit optical beam profilers BP209 IR/M. 
Optical Spot Intensity of S-Polarized Light
The optical spot intensities of the S-polarized light which go through garnet, based on the experimental setup of Fig. 1(a) , are researched and shown in Fig. 5 , when garnet moves from −30 mm to +30 mm in the z direction. Fig. 5 shows that there are more than one optical spots, and the marginal spots reduce and disappear when the position of garnet moves from −30 mm to −10 mm. However, the central optical spot basely do not change its intensity when the position of garnet moves from −10 mm to 30 mm.
Figs. 6-8, show the optical spot intensities of S-polarized light which go through samples (SP0.1, SP0.5, SP1), when the samples move from −30 mm to +30 mm in the z-axis direction. The optical spot of S-polarized light, which go through SP0.1, SP0.5, SP1, show focus smaller spot when the sample move from −30 mm to 0 mm, while the optical spot change to nine smaller spots in the marginal region as scattering effect of laser interact with groove films, when the sample move from 0 mm to +30 mm. Fig. 9 shows the optical spot intensity of S-polarized light which go through SP5, when the sample move from −30 mm to +30 mm in the direction. The smaller spot appear when the sample is in the z ¼ À10 mm position, while the optical spot show many small spots at other position. Therefore, it can be noticed that the optical spot intensity of laser beam which go through SP5 show the same trend when the samples move from −30 mm to +30 mm in the z direction compares with SP0.1, SP0.5, SP1.
When comparing the optical spot intensities of S-polarized light from Figs. 5-9, it can be seen that the Ta/Nd 2 Fe 14 B/Ta groove films could affect the distribution of optical spot as the the scattering effect of the laser beam [13] .
Conclusion
In conclusion, we have researched the polarization properties and optical spot intensity of polarized light which go through garnet and groove films. The Stokes parameters results indicate that the groove films can affect the polarization properties of P-polarized light, while the polarization properties of S-polarized light basely can not be affected, when the position of samples are changed in the z direction. The optical spot intensity of S-polarized light can be changed with the help of groove films as scattering effect. This is very important in manufacturing and designing optical devices.
